Although Aedes fluviatilis is an anthropophilic mosquito found abundantly in urban environments, its biology, epidemiological potential and genetic characteristics are poorly understood. Climate change and urbanization processes that result in environmental modifications benefit certain anthropophilic mosquito species such as Ae. fluviatilis, greatly increasing their abundance in urban areas. To gain a better understanding of whether urbanization processes modulate the genetic structure of this species in the city of São Paulo, we used eight microsatellite loci to genetically characterize Ae. fluviatilis populations collected in nine urban parks in the city of São Paulo. Our results show that there is high gene flow among the populations of this species, heterozygosity deficiency and low genetic structure and that the species may have undergone a recent population expansion. There are two main hypotheses to explain these findings: (i) Ae. fluviatilis populations have undergone a population expansion as a result of urbanization; and (ii) as urbanization of the city of São Paulo occurred recently and was quite intense, the structuring of these populations cannot be observed yet, apart from in the populations of Ibirapuera and Piqueri parks, where the first signs of structuring have appeared. We believe that the expansion found in Ae. fluviatilis populations is probably correlated with the unplanned urbanization of the city of São Paulo, which transformed green areas into urbanized areas, as well as the increasing population density in the city.
Introduction
Urbanization is often a chaotic process that causes environmental stress, leading to the domiciliation of insects that have adapted to man-made changes [1] [2] [3] . Culicids are an example of such insects and can be found abundantly in metropolitan areas, where the environment can favor a few species that have adapted to it. These species can be not only a source of nuisance but also in some cases potential disease vectors (e.g., Aedes aegypti, Aedes albopictus, Culex quinquefasciatus, Culex nigripalpus, Aedes scapularis and Aedes fluviatilis) [1, 2, [4] [5] [6] [7] [8] [9] .
Ae. fluviatilis (Lutz, 1904 ) is a mosquito species native of Brazil found abundantly in urban areas. It is distributed in the Neotropics and can be found from Mexico to Argentina. The species is able to survive in wild, semi-wild, suburban and urban areas [10, 11] . Indeed, it successfully inhabits urban environments and is found abundantly in the city of São Paulo, where it represented around 10% of all mosquito specimens collected in recent studies, indicating that it is well adapted and established in this urban environment [7, 12] . Females of the species are highly anthropophilic and have been reported to ingest human blood while their eggs are developing [13] . However, as there are few studies on Ae. fluviatilis in the literature, it is considered a neglected species.
Ae. fluviatilis is considered a potential vector of yellow fever virus [14] , Plasmodium gallinaceum and Dirofilaria immitis [15] [16] [17] , and although it is naturally infected with Wolbachia (wFlu), this causes only incomplete cytoplasmic incompatibility and has no effect on its infection by P. gallinaceum [18, 19] .
The success of some species of mosquitoes in inhabiting urban environments and the consequent increase in their abundance can be attributed to two factors: the availability of breeding sites and the availability of blood-meal sources [20] . Along with climate changes, these factors can modulate the size of mosquito populations in urban areas [21] [22] [23] . Therefore, a better knowledge of the genetic structure of urban mosquitoes can lead to a better understanding of how Ae. fluviatilis populations are modulated by selective pressures in the environment. Microsatellites can be used in genetic population studies as they are highly polymorphic and assumed to be neutral markers. They flank conserved regions of the genome and amplify polymorphic regions [24] . Hence, as they are believed not to be subjected to selective pressures, microsatellites can be a valuable tool for population genetic studies of mosquitoes on a macrogeographic [23, 25, 26] and microgeographic [27, 28] scale.
Genetic structure studies of vector insect species conducted on a microgeographic scale found structuring in sympatric Triatoma infestans populations in Argentina [28] , and Olanratmanee et al. [27] found genetic structuring in Ae. aegypti populations in villages no more than 10 km apart in Thailand. In the latter case, the structuring may have been caused by genetic drift due to adult mosquito oviposition patterns. These studies proved the effectiveness of microsatellite markers in identifying fine-scale genetic differentiation.
In light of the above, this study used microsatellite markers to investigate how Ae. fluviatilis populations are genetically structured in the city of São Paulo and whether urbanization processes can modulate the genetic structure of this culicid.
Material and Methods

Specimen collection
Ae. fluviatilis mosquitoes were collected from nine urban parks (Burle Marx, Ibirapuera, Piqueri, Previdência, Santo Dias, Shangrilá, Alfredo Volpi, Chico Mendes and Carmo) in different areas of the city of São Paulo, Brazil (Fig 1) . Mosquito collections were performed monthly from March 2011 to February 2012 and from August 2012 to July 2013. Adult mosquitoes were collected with portable, battery-powered aspirators [29] and CDC CO 2 -baited light traps [30] (Table 1 ). The study was approved by the Ethical Committee of the University of São Paulo, and collection permits were provided by the Department of the Environment and Green Areas. 
Genetic Analysis
Allele frequency, observed heterozygosity (H O ), expected heterozygosity (H E ), deviations from Hardy-Weinberg equilibrium (P-values were adjusted using Bonferroni correction), inbreeding coefficient (F IS ), linkage disequilibrium and gene flow were calculated using Genepop (v4.2 http://genepop.curtin.edu.au/) and Arlequin (v3.5) [35, 36] . Allelic richness and private allelic richness were calculated using HP-Rare (v1.0) [37] .
The probability of null alleles occurring was calculated for each locus for each population using FreeNa [38] . The same software was also used to estimate genetic heterogeneity (F ST ) and Cavalli-Sforza and Edwards chord distance taking into account the presence of null alleles. To compute pairwise F ST values and their significance for all the populations, Arlequin (v3.5) [39] with 50,000 permutations was used Linear correlation analyses between F ST /(1-F ST ) and geographic distance (km) and between F ST /(1-F ST ) and environmental variables such as elevation, slope (variation in elevation vs. area), perimeter-to-area ratio (Patton index) [39] , green area per inhabitant (m 2 ) in the vicinity of the park, monthly accumulated rainfall, mean annual temperature and area of the park (km 2 ) [25, 40] were performed using PAST (v3.11) [41] . A dendrogram displaying the CavalliSforza and Edwards chord distance was constructed using Statistica 7.0 [42] . The amplified alleles were subjected to Bayesian model-based clustering analysis using Structure (v2.3.3) [43] . The estimated number of clusters k (ΔK), which identifies genetically homogeneous groups of individuals, was calculated with Structure Harvester (Web v0.6.94) [44] . To identify genetic drift, an analysis to determine whether the loci show heterozygosity deficiency or excess was performed in Bottleneck (v1.2.2). This analysis compares two heterozygosity scenarios: (i) the expected heterozygosity based on allele frequencies (He) and (ii) the expected heterozygosity based on observed alleles (Heq). He > Heq therefore indicates a recent Bottleneck event and He < Heq a recent population expansion [45] .
Results
Marker assessment
Hardy-Weinberg equilibrium tests were conducted for all eight microsatellite loci for each locus and population. H O was higher than H E in 37 of the 64 tests, and the average F IS was 0.142 (S1 Table) . After 150 possible tests for linkage disequilibrium, none of the linkage results could be considered statistically significant since no two loci were linked more than once across the tested populations [31] . Allelic richness ranged from 3.4 (Ibirapuera) to 4.72 (Carmo), and private allelic richness was moderate, ranging from 0.13 (Ibirapuera) to 1.19 (Carmo) (S2 Table) .
The tests to estimate the probability of null alleles showed that this was high for the Albtri3 locus in five populations (Burle Marx, Previdência, Alfredo Volpi, Chico Mendes and Carmo), for the OchcB5 locus in four populations (Ibirapuera, Piqueri, Santo Dias and Alfredo Volpi), for the OchcB9 locus in two (Burle Marx and Chico Mendes) and for the Albtri33 locus in one (Ibirapuera). The probability of null alleles in the populations studied ranged from 0 to 0.19 for the Albtri3 locus, 0 to 0.28 for OchcB5, 0 to 0.18 for OchcB9 and 0 to 0.16 for Albtri33. The OchcD11, Albtri20, Albtri44 and AEDC loci had low (<0.07) or zero probabilities of null alleles.
Genetic differentiation
F ST values ranged from 0 to 0.02, indicating low genetic structure among the populations; 67% of these values were statistically significant. The F ST values calculated by FreeNA (which corrects for the bias induced by the presence of null alleles) ranged from 0.0002 to 0.05, indicating low to moderate genetic structure. There was therefore no statistically significant difference between the corrected and uncorrected values of F ST (Table 2 ). Gene flow among the populations after correction for sample size was 7.74 per generation per population, indicating a high degree of allelic similarity among these populations.
Genetic distance
The dendrogram constructed using the Cavalli-Sforza and Edwards chord distance was not consistent with the geographic distances between populations and showed two main clusters, one (a) containing the populations from Ibirapuera and Piqueri, which segregated together and are fairly different from the other populations, and another (b) with the remaining populations. Cluster (b) segregated into two subclusters, one containing similar populations with no great differences between them (Burle Marx, Chico Mendes, Previdência, Shangrilá, Carmo and Santo Dias), and the other formed by the population from Alfredo Volpi (Fig 2) .
Linear correlation analysis of geographic and genetic distance showed that there is no correlation between these two variables in the populations tested (r = -0.2421; r 2 = 0.058614; P = 0.15485), and a similar analysis of genetic distance and environment variables indicated that the former does not correlate with any of the variables tested apart from slope (r = -0.6694; r 2 = 0.4481; P = 0.048595) (S3 Table) .
Bayesian cluster analysis
The results of the Bayesian analysis and application of Evanno's method were used to identify the k value that represents the number of groups that best explains the results [44] , which was 2 (S1 Fig), indicating that the populations can be divided into two genetic groups, albeit without any visible differences between them (Fig 3A) . Subsequently, other k values were tested; k = 4 indicated that the Ibirapuera and Piqueri populations are structured in a distinct genetic group, reflected in the higher prevalence of the color green; the Santo Dias and Shangrilá populations are also structured, but with a higher prevalence of the color blue (Fig 3B) . Finally, k = 9 was tested and the results indicated that all the populations have a homogenous genetic pattern apart from those in Ibirapuera and Piqueri, which are structured as a distinct genetic group from the remaining populations and have a higher prevalence of the color yellow (Fig 3C) .
Population Dynamics
While the heterozygosity tests conducted in Bottleneck under the SMM (Stepwise Mutation Model) showed more loci with heterozygosity deficiency in eight of the nine populations, Pvalues were only significant (<0.05) for the Piqueri and Carmo populations and were borderline for the Burle Marx and Alfredo Volpi populations (Table 3 ). These results suggest that the Ae. fluviatilis populations have probably suffered a population expansion (He < Heq). In a subsequent analysis in which all 270 specimens were considered one population, the results showed six loci with heterozygosity deficiency (H e < H eq ) and a significant P-value (P = 0.01367), lending support to our finding that the populations in this study have probably suffered a recent population expansion.
Discussion
Mosquito species that can survive in urban environments have a significant advantage over sylvatic species because there tends to be less larval competition and species richness in these environments as well as fewer natural predators and greater availability of breeding sites and hosts for blood feeding, leading to an increase in the population of these species and the territory they occupy [46] .
Developing countries frequently experience rapid, unplanned urbanization, which is characterized by a lack of basic sanitation, unsanitary houses, polluted rivers and untreated sewage. These factors favor an increase in the abundance of mosquito species that have adapted to urban environments and become an obstacle to effective vector control strategies [1, 2] . Furthermore, urbanization processes tend to alter the micro-climate, which, together with global warming, may increase the abundance of mosquitoes in large cities [2] . Models using African malaria vectors and weather data suggest that a 0.5% increase in average temperature may result in a 30-100% increase in mosquito abundance [47] . Our findings suggest that Ae. fluviatilis populations in the city of São Paulo have undergone a population expansion. This conclusion is supported by the low genetic structure, high gene flow and heterozygosity deficiency found in this study. The results also suggest that this population expansion may be occurring in parallel with the growth of the city. Expansion of mosquito populations has previously been reported for several species of mosquitoes (e.g., An. gambiae, An. arabiensis, An. darlingi and An. funestus). In the case of these mosquitoes, the same phenomena were observed, namely, recent population expansion, high gene flow and an absence of isolation by distance (IBD) [48] [49] [50] , suggesting that population expansion is a common trend among mosquito populations that can cope with man-made alterations and human expansion.
There are two main hypotheses to explain the low genetic structure in the Ae. fluviatilis populations studied here: (i) Ae. fluviatilis population expansion happened because this species is well adapted to the urban environment and is able to complete its entire life cycle within the city. Therefore, urbanization may have been beneficial to this species and a major factor contributing to population expansion, a hypothesis supported by the finding of high gene flow in these populations, which indicates a homogenizing genetic effect [51] . This phenomenon has previously been observed in Ae. taeniorhynchus mosquito populations from Colombia [52, 53] .
Bayesian analysis revealed low genetic structure among the populations studied, although the Ibirapuera and Piqueri populations, which are quite similar to each other, are different from the other populations. This segregation can also be observed in the dendrogram. These parks, which are located in densely populated areas, have undergone major environmental changes as a result of human activities and urbanization. More than 1 million people visit Ibirapuera park every month, and Piqueri park is located next to a major highway, where more than 400 thousand vehicles circulate every day [7, 12] .
These results indicate that genetic structuring may be occurring in the Ibirapuera and Piqueri populations, which leads to the second hypothesis: (ii) the city of São Paulo's recent history of intense, haphazard urbanization starting in the 1960s [54] suggests that the Ae. fluviatilis population was actually a large population that became fragmented as the city grew. As this urbanization occurred recently and was very intense, structuring in these populations cannot be observed yet apart from in the Ibirapuera and Piqueri populations, where the first signs of population structuring are apparent.
The absence of IBD indicates that urbanization has a greater influence on population structure than distance does. Similar results were also found for populations of other Aedes species (e.g., Ae. aegypti and Ae. japonicus), in which the authors did not observe IBD on either a microgeographic or macrogeographic scale [27, 55, 56] , suggesting that the species of this genus tend to exhibit genetic similarities. Despite the absence of environmental correlation in the present study, it is known that mosquitoes are ectothermic organisms and that their growth, survival and behavior are strongly related to environmental conditions [57, 58] . Other variables may therefore be influencing population expansion in Ae. fluviatilis, including environmental changes caused by humans in urban areas [58] .
The Hardy-Weinberg equilibrium tests for each locus and each population indicating heterozygosity excess in the present study may be due to binomial sampling error [59] , as when the same test was conducted by Multini et al. [31] , who considered all individuals to be one population, heterozygosity deficiency was observed. This latter finding would be expected in the present study, as the Ae. fluviatilis populations studied here show low genetic structure, a common trait in Aedes species [27, 60] .
The allelic richness found in Ae. fluviatilis in this study was similar to that of other Aedes species [60, 61] , indicating that the results represent the genuine allelic richness and are not the result of limitations of the loci. The private allelic richness found in the populations was moderate, suggesting some degree of isolation among the populations, although this may be related to the fact that the microsatellite primers used were originally designed for other species of Aedes, which could also explain the presence of null alleles [31, 62, 63] .
Secondary mosquito vectors are commonly neglected in genetic population studies. However, although Ae. fluviatilis is not directly implicated in the transmission of pathogens to humans, it can be found in large numbers in urban areas. Its epidemiological role has yet to be elucidated, and infectivity studies on this mosquito are dated; the yellow fever virus infectivity test was carried out in 1931 [14] and, to our knowledge, there are no studies on the infectivity of Ae. fluviatilis by the dengue, chikungunya and Zika viruses. In addition, there is an inherent risk of new pathogens being introduced, especially in large, populous cities [64, 65] . This scenario was observed with the mosquito Cx. tarsalis in the United States and the arrival of West Nile virus [66] and also with Ae. ochraceus, which acted as an important vector in the epidemic caused by Rift Valley fever virus in Kenya in 2007 [67] .
The Ae. fluviatilis population structure patterns found in this study revealed a significant population expansion that we believe to be associated not only with the transformation of green areas into urbanized areas, but also with the increasing human population density in large cities, representing a scenario in which there is an ever-greater risk of disease transmission and epidemics.
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